Objective-We quantify the geometric and hemodynamic characteristics of extracardiac and lateral tunnel Fontan surgical options and correlate certain anatomic characteristics with their hemodynamic efficiency and patient cardiac index.
total cavopulmonary connection (TCPC). The two common variants of the TCPC are (1) lateral tunnel (LT) and (2) extracardiac (EC) 2 -4 A previous study has emphasized the need for lowering the net resistance of the single ventricle circulation 5 to help reduce the secondary complications seen in these patients. Numerous studies examining the hemodynamic energy efficiency of the Fontan circulation 6 -9 have not clearly demonstrated advantages or disadvantages of one surgical technique over the other. Furthermore, it has not been demonstrated yet whether the alterations in the TCPC geometry, say as part as of a surgical planning process, would result in a significant increase in cardiac output to confer a clinical benefit to the patient.
Before addressing the significance of geometric variations of TCPC, one first needs to quantitatively describe the geometry of the TCPC anatomy to examine whether changes in the TCPC geometry produce significant changes in the net resistance or energy losses and thus significant changes in cardiac output,. Previous studies have shown that certain geometric characteristics of the TCPC and the associated vessels, mainly the pulmonary arteries (PAs), play an important role in determining the short-term and long-term patient outcome 8 , 10 -12 In vitro studies have highlighted the importance of curvature of the inferior vena cava (IVC) and its offset relative to the superior vena cava (SVC) in minimizing the energy dissipation at idealized TCPC junctions. 7 -13 Despite these studies, no quantitative data exist that characterize the complex TCPC geometries of patients and correlate their hemodynamic efficiency/inefficiency with geometric parameters. Furthermore, no studies exist that correlate anatomic or hemodynamic characteristics of the TCPC to patient cardiac performance (eg, cardiac index).
Our most recent study has quantitatively characterized the geometries of patient-specific EC and LT TCPCs. 14 The present paper is a retrospective analysis in which we compare the geometric findings with in vitro and in vivo hemodynamic parameters of patient-specific Fontan anatomies to identify which geometric parameters are most important.
Methods
We retrospectively studied 22 Fontan patients, 11 each with an EC and LT TCPC, from an existing magnetic resonance imaging (MRI) database. All patients were imaged either at Children's Healthcare of Atlanta, Egleston Hospital, Atlanta (CHOA), or Children's Hospital of Philadelphia (CHOP). Informed consent was obtained from all patients and all study protocols complied with the institutional review boards of participating hospitals and the Georgia Institute of Technology. Among the 11 EC patients, 2 were from CHOA and 9 from CHOP; among the LT patients, 3 were from CHOA and 8 from CHOP. The inclusion criteria for this retrospective study were (1) availability of experimental or computational fluid dynamics (CFD) power loss quantification of the TCPC or in vivo cardiac output information; (2) availability of clinical information necessary to categorize each study group; and (3) the anatomic reconstruction with no visible artifacts (some geometries have loss of MRI signal owing to the presence of surgical clips).
For all 22 patients, geometric characterization of the TCPC was performed to quantitatively differentiate EC and LT as described previously. 14 In vitro energy loss quantification for 6 of 22 patients (3 each of EC and LT types) and CFD simulation of energy loss for 9 of the 22 patients for resting cardiac output and equal PA flow split was available. 9 , 15 Clinical details of the entire patient population are shown in Table 1 .
Geometric Characterization
To characterize the complex 3-dimensional geometries of the TCPCs, we used a skeletonization approach, which is commonly used for shape analysis applications. In brief, the full 3-dimensional TCPC anatomy is first reconstructed from the raw stack of MRI data and represented as a triangulated 3-dimensional surface geometry. 16 , 17 The patient-specific surface representation is then used to obtain the respective skeletal representation of the anatomy using the skeletonization approach, where each vessel is reduced to its centerline curve, as described below (see previous article for full details 14 ):
The 3-dimensional surface representation of the TCPC was sliced at approximately 1-mm spacing in the MRI left-right and superior-inferior coordinate directions, thus generating sections that were roughly perpendicular to the left and right PAs (LPA and RPA) and IVC and SVC, respectively. The centroids of these cross sections were computed and connected to generate an initial estimate of the vessel centerline. Inasmuch as this approximation was poor in regions where the sectioning significantly departs from the true normal to the vessel, the centerline was iteratively refined as follows: For each subsequent iteration, the 3dimensional vessel geometry was re-sliced in a direction perpendicular to the tangent of the centerline curve. The centroids were recomputed for the new slices and the curve through the newly computed centroids provided a better estimate of the true centerline. Crosssectional areas of the IVC, SVC, LPA, and RPA were also computed as a part of this process. All vessel areas were normalized with patient body surface area.
Energy Loss
Energy dissipation rate or power loss in the TCPC was available from both in vitro measurements and CFD simulations at 50:50 pulmonary flow split, and resting cardiac output conditions as detailed below. The boundary conditions for both modalities (in vitro and CFD) are the same and therefore justify the use of both the available datasets together.
In vitro-Anatomically accurate in vitro models of 6 of the 24 reconstructed patient TCPCs (3 EC and 3 LT) were fabricated by stereolithography. 18 Each in vitro model was inserted in a flow loop, which allowed for the control of the total cardiac output as well as IVC/SVC and LPA/RPA flow splits. Global flow rates and static pressures measurements were acquired at each inlet and outlet. These static pressures were corrected for pressure head bias introduced by small changes in the model elevation and then used to compute power losses (Ė loss ) across the connection using an integrated, control volume energy balance equation 6 (1) where P i and Q i , are the total pressures (ie, includes static and dynamic) and volumetric flow rate, respectively. The energy loss was experimentally determined for the resting flow conditions shown in Table 2 .
CFD-For CFD simulations, the vessel volumes were discretized into computational elements (meshes). The number of elements varied, depending on geometry size and complexity, but ranged from 548,842 to 1,674,440 for the models studied. 9 At each element, the governing Navier-Stokes conservation equations of mass and momentum for laminar fluid flow were solved. The CFD computations were performed with the commercial software FIDAP 8.7.4 (Ansys Inc, Canonsburg, Pa). Power loss through the TCPC was calculated by the control volume method (same as equation 1).
Cardiac Index
The resting cardiac output of each patient calculated from the phase-contrast MRI scan was indexed to the patient body surface area (BSA) to obtain cardiac index.
Energy Loss Nondimensionalization
So that geometric and hemodynamic features for different patients can be compared, the power loss is nondimensionalized using the dynamic power of the circulation: (2) where ρ is the density of blood, Q is the flow rate, and BSA is the body surface area. The TCPC energy dissipation index, computed as ε normalized with ε 0 , is the proper indexed resistance measure of the TCPC. Normalizing to dynamic power has been described in the clinical literature before, 19 with resulting resistance coefficient consistent with the wellestablished engineering methodology that is used to compare resistances of complex pipe networks and fittings. 20 , 21 Also note that the PA flow split is held constant at 50:50 for all patient geometries to truly determine the resistance (cost) to drive an ideal flow condition. This eliminates the bias owing to varying lung resistances from patient to patient when using in vivo flow split.
Statistical Analysis
Inasmuch as all comparative data were found to be non-normal and to correspond to a 2sample population (EC vs LT), the nonparametric Mann-Whitney test was used to examine statistical significance among the various geometric parameters evaluated. Differentiating factors are considered statistically significant for P values < .05. Standard regression analysis was performed to examine statistically significant association between anatomic and hemodynamic parameters. Figure 1 shows the normalized mean vessel cross-sectional areas computed for IVC baffle, SVC, LPA, and RPA of both the EC and LT patient populations. The IVC baffle was between 3.5 and 4 cm 2 /m 2 for both EC and LT, and the SVC, RPA, and LPA were all between 1 and 2 cm 2 /m 2 . Figure 2 shows the minimum cross-sectional area of the PA for EC and LT patients. The magnitude was about 0.45 cm 2 /m 2 irrespective of EC or LT connection type. Statistical comparison of the vessel cross-sectional areas and minimum areas of the PAs has been tabulated in Table 3 with no statistically significant difference in the vessel size characteristics between the LT and EC groups. Figure 3 shows the plot of the in vitro and the CFD TCPC energy dissipation index, for 50:50 pulmonary flow split and resting cardiac output, as a function of the smaller of the minimum cross-sectional areas of the two PAs. A power law fit produced an R 2 of 0.898 and a P value of .0002. Figure 4 shows the plot of patient resting cardiac index again using the minimum crosssectional area between the two PAs. The cardiac index of the patients varied between 2 and 3.5 with a significant statistical association (P = .006). A linear fit provided an R 2 of 0.32.
Results

Discussion
This is a retrospective study in which we address the question: do the anatomic characteristics of the TCPC affect its hydrodynamic efficiency and, more importantly, the patient cardiac output, and if so what characteristics of the TCPC geometry significantly matter?
First, as shown in Figures 1 and 2 , there exist no significant differences between EC and LT TCPCs when considering sizes of the vessels even though EC and LT TCPCs are a result of significantly different surgical approaches for constructing the Fontan baffle. In our recent study, 14 we analyzed other geometric parameters such as curvatures, offsets, and vessel area variance. None of these parameters was significantly different except for the vessel area variation, where LT TCPCs had a larger area variation in the IVC baffle owing to the presence of right atrial wall as part of the baffle. However, as discussed below, the most significant geometric parameter that influences the hemodynamic efficiency of the connection is the minimum vessel cross-sectional area of the PAs. Figure 3 clearly indicates that the TCPC energy dissipation index drops as a power law decay with increasing minimum PA size (P = .0002). Such a strong correlation (R 2 = 0.898) with minimum PA size even with a significant difference between EC and LT IVC baffle area variance and the large patient-to-patient variability in other parameters such as curvature, 14 offsets, et cetera, demonstrates that the minimum PA size far dominates influence from any other geometric parameter. From a fluid mechanics standpoint, the TCPC may thus be viewed as a "sudden contraction" fitting where flow from larger vessels (IVC and SVC) are routed to the relatively smaller PAs. The results are indeed analogous to that for the sudden pipe contraction problem in which it is known that the inlet and outlet sizes primarily define the energy loss.
From the results presented in Figure 4 , cardiac index linearly increases with smallest cross section of the PA (P = .002). This increase in resting cardiac output may be attributed to the reduced TCPC energy dissipation index. However, note that the R 2 of 0.32 shows that there exists a significant scatter that is visually well distributed on either side of the linear fit line (see Figure 4 ). These variations may be attributed to the varying single ventricle pump characteristics from patient to patient that depend on the precise nature of the congenital heart defect. Nevertheless, from these data it is clear that the minimum cross-sectional size of the PA plays a statistically significant role in determining the TCPC energy loss and thus resting cardiac output of Fontan patients. This impact is postulated to become even stronger under exercise conditions, as recently suggested by another study 9 in which resistance of the TCPC nonlinearly increased with exercise and in some cases surpassed the lung resistance.
Clinical Significance
In this study, we show that the vessel sizes of TCPC (particularly that of the PAs) plays a significant role in determining the TCPC performance and the resting cardiac output and all other geometric characteristics having a lower impact. This significant role of the PA characteristic on the patient resting cardiac output, regardless of EC or LT, does not imply that the TCPC efficiency between EC and LT are the same. It only implies that outlet characteristics have a stronger impact on TCPC energy loss than any difference that may be present between EC and LT, including the shapes and orientation of the anastomosis. Also, this suggests that comparisons between EC and LT resistance are meaningful only if the normalized energy dissipation is further indexed to the variation with respect to minimum PA size. Minimum cross-sectional areas computed between the TCPC outlet vessels left and right pulmonary arteries for EC and LT patient groups (n = 11 each). PA, Pulmonary artery; BSA, body surface area. Normalized minimum cross-sectional areas of the pulmonary arteries (PA) plotted against the patient cardiac index. BSA, Body surface area. 
